Introduction {#cts12295-sec-0010}
============

Reperfusion injury after cold preservation still represents a significant problem in renal transplantation, favoring delayed graft function and consecutive alterations in long‐term outcome.[1](#cts12295-bib-0001){ref-type="ref"}, [2](#cts12295-bib-0002){ref-type="ref"} Reduction of preservation injury by hypothermic machine perfusion (HMP) represented a notable advance in preservation technology, allowing for continuous supply of oxygen during preservation along with the removal of metabolic waste products and preservation of mechanical homeostasis to vascular endothelium by pulsatile flow conditions.[3](#cts12295-bib-0003){ref-type="ref"}, [4](#cts12295-bib-0004){ref-type="ref"} Thus, HMP improved 1 and 3 years survival after kidney transplantation.[5](#cts12295-bib-0005){ref-type="ref"}, [6](#cts12295-bib-0006){ref-type="ref"}

However, a yet merely addressed aspect of preservation induced graft injury lies in the cellular susceptibility to abrupt rewarming after prolonged periods in the cold.

There is experimental evidence that the imminent temperature shift from hypo‐ to normothermia, incurring upon reperfusion of organ grafts, triggers mitochondrial respiratory dysfunction[7](#cts12295-bib-0007){ref-type="ref"} as well as induction of the mitochondrial apoptotic pathway[8](#cts12295-bib-0008){ref-type="ref"} after cold preservation and may constitute a genuine factor contributing to reperfusion injury and graft dysfunction. This "rewarming injury" is even operative after complete redox homeostasis in the cold.[9](#cts12295-bib-0009){ref-type="ref"}

In this paper we describe a technical approach to alleviate renal reperfusion injury after hypothermic preservation by transient extracorporeal cold to mid‐thermic perfusion that allows for a gentle recovery of mitochondrial function at limited workload.

Materials and Methods {#cts12295-sec-0020}
=====================

Porcine kidneys were procured from German landrace pigs weighing between 25 and 30 kg. After nephrectomy the procured organ was flushed on the back‐table with approximately 100‐mL Custodiol‐N solution at 4°C using gravity perfusion (100 cm H20).

All grafts were then randomly assigned to one of the following preservation methods.

Hypothermic machine perfusion (HMP): Grafts were preserved overnight by pulsatile machine perfusion using Custodiol‐N solution including 5 g/dL of dextran 40.

Controlled oxygenated rewarming (COR): Kidneys were conventionally preserved by cold storage for 18 hours at 4°C. Immediately prior to reperfusion, grafts were put on a machine perfusion circuit for gentle rewarming from the cold by gradual increase of perfusate temperature up to 20°C. The solution was pumped through a hollow fibre‐oxygenator fed with 100% oxygen. During the first period of COR, temperature was kept hypothermic at 8°C and was gradually increased (cf., *Figure* [*1*](#cts12295-fig-0001){ref-type="fig"}) by means of a programmable, external circulating cryothermostat, connected to the integrated heat exchanger of the oxygenator.

![Controlled oxygenated rewarming: gentle elevation of graft temperature upon oxygenated extracorporeal machine perfusion prior to warm reperfusion.](CTS-8-475-g001){#cts12295-fig-0001}

Short‐term hypothermic machine perfusion after CS (CS+HMP): As additional control group, kidneys were cold stored for 18 h and then put on a machine for additional 3 h of oxygenated perfusion at constant temperature of 8°C.

Custodiol‐N solution, including 5 g/dL of dextran 40 was used as machine perfusate in all groups.

Reperfusion model {#cts12295-sec-0030}
-----------------

Graft integrity was tested thereafter by isolated reperfusion in vitro using an established model according to earlier studies.[10](#cts12295-bib-0010){ref-type="ref"}

The perfusion medium consisted of 1,000 mL freshly prepared Krebs--Henseleit buffer containing 2.2% bovine serum albumin and 20 mL of concentrated amino acid solution (RPMI 1640--50×). Creatinine (0.1 g/L) and urea (1 g/L) were added to the perfusate to allow for calculation of respective renal clearances. The ureter was cannulated with PE‐tubing. Urine volume was replaced every 30 minutes by adding equal amounts of saline solution to the perfusate.

Immediately before reperfusion, all organs were exposed to no flow conditions at room temperature for 20 minutes in order to imitate warm ischemia time in the clinical setting.

Concentrations of creatinine and urea were determined in perfusate and corresponding urine samples in a routine fashion at the Laboratory centre of the University Hospital. Clearances were calculated for the respective intervals as urinary creatinine (urea) × urine flow (mL/min)/perfusate creatinine (urea).

Renal tubular injury was approximated by the release of L‐type fatty acid binding protein (LFABP), an intracellular carrier protein predominantly expressed in proximal tubular cells. Protein levels were measured on a micro plate reader (Tecan, Grailsheim, Germany) using analytic kits from USCN life science (Wuhan, China) according to the instructions of the manufacturer. Urinary FABP excretion was expressed in microgram FABP normalized per gram creatinine (μg/g Cr).

Mitochondrial function and permeability transition pore {#cts12295-sec-0040}
-------------------------------------------------------

Oxygen consumption was calculated from the pO~2~ differences between arterial and venous sites, measured in a pH‐blood gas analyser (ABL 500 acid‐base laboratory, Radiometer, Copenhagen) and expressed as mL/min/g according to transrenal flow and kidney mass.

Total content of NAD was determined from frozen cortical tissue samples by means of the enzyme cycling method using a commercial kit (Abcam, Cambridge, United Kingdom) and calculated from fluorescence at *Ex*/*Em* 540/590 nm, compared to baseline values from nonischemic tissue samples that were run in parallel.

Functional activity of caspase 9 was used to approximate the mitochondrial induction of the apoptotic pathway. Enzyme activity of caspase 9 was analysed using a commercial colorimetric assay kit (R&D Systems, Minneapolis, MN, USA) and activities in the experimental groups are presented as the percentage increase with respect to the baseline values obtained from nonischemic control tissue.

Statistics {#cts12295-sec-0050}
----------

All values were expressed as means ± SEM of *n* = 6 animals per group. Differences between groups were tested by parametric comparison of the means using Instat 3.01 (Graph Pad software Inc, San Diego, CA, USA). Statistical significance was set at *p* \< 0.05.

Results {#cts12295-sec-0060}
=======

Vascular resistance after COR was 1.13 ± 0.22 mmHg/mL/min/g, but differences to the values observed after HMP (1.45 ± 0.36 mmHg/mL/min/g) or CS + HMP (1.62 ± 0.23 mmHg/mL/min/g) did not reach statistical significance.

Upon Reperfusion, however, COR resulted in a significant enhancement of renal functional recovery with clearances of creatinine, as well as urea being nearly twice as high than observed after HMP (cf., *Figure* [*2*](#cts12295-fig-0002){ref-type="fig"}).

![Renal clearances of creatinine and urea upon reperfusion after 18 hours of HMP (HMP), 18 hours cold storage + 3 hours of HMP (CS + HMP) or 18 hours of cold storage + 3 hours of controlled oxygenated rewarming (COR). *N* = 7 per group (\**p* \< 0.05 \[area under the curve, AUC\] vs. HMP). Model specific normal range, obtained from nonischemic organs, is represented by the gray area, for comparison.](CTS-8-475-g002){#cts12295-fig-0002}

Mitochondrial permeability transition pore opening of inactive or dysfunctional mitochondria is reflected by reduced concentrations of NAD in postischemic tissue[11](#cts12295-bib-0011){ref-type="ref"} as NAD leaks out upon pore opening and is washed out during reperfusion. Total NAD was notably depleted after HMP, but significantly better preserved upon controlled rewarming prior to reperfusion (*Figure* [*3*](#cts12295-fig-0003){ref-type="fig"}). Mitochondrial induction of the apoptotic pathway by activation of caspase 9 was similarly mitigated by the gentle rewarming protocol that nearly kept caspase 9 activity at baseline values.

![Effect of controlled oxygenated rewarming after cold storage (COR) compared to hypothermic machine perfusion (HMP) or 18 hours cold storage + 3 hours of HMP (CS + HMP) on total NAD content and caspase 9 activity upon warm reperfusion of isolated porcine kidneys (\**p* \< 0.05 vs. HMP).](CTS-8-475-g003){#cts12295-fig-0003}

The positive effect of COR on functional mitochondrial recovery was further supported by the course of renal oxygen consumption during reperfusion, which was significantly improved after controlled rewarming (*Figure* [*4*](#cts12295-fig-0004){ref-type="fig"}).

![Renal oxygen consumption during reperfusion after 18 hours of HMP (HMP), 18 hours cold storage + 3 hours of HMP (CS + HMP) or 18 hours of cold storage + 3 hours of controlled oxygenated rewarming (COR). *N* = 7 per group (\**p* \< 0.05 \[area under the curve, AUC\] vs. HMP). Model specific normal range, obtained from nonischemic organs, is represented by the gray area, for comparison.](CTS-8-475-g004){#cts12295-fig-0004}

Structural tubular cell injury was less affected by the preservation protocol. Urinary release of LFABP was rather low in all groups (3.8 ± 0.5; 3.9 ± 0.9, and 2.4 ± 0.7 μg/g Cr---HMP vs. CS + HMP vs. COR, respectively, *p* \> 0.05), and least pronounced after COR.

Discussion {#cts12295-sec-0070}
==========

The protective effect of controlled tissue rewarming after cold storage has already been shown in porcine livers after extended preservation times, where end‐ischemic machine perfusion with gradual warming up resulted in superior functional recovery than perfusion at either hypo‐ or subnormothermia prior to warm reperfusion.[12](#cts12295-bib-0012){ref-type="ref"}

Here we addressed the question, if controlled rewarming would also be of use when compared to optimally preserved grafts, like healthy kidneys, maintained by pulsatile hypothermic machine perfusion.

In line with previous reports,[13](#cts12295-bib-0013){ref-type="ref"} short‐term cold perfusion after preceding CS was able to supplant, but did not improve over the benefits of continuous HMP.

By contrast, an approximately twofold enhancement of postischemic renal function could be obtained, by controlled graft rewarming in a gentle process of extracorporeal perfusion along with a restitutive period ad subnormothermic temperatures.

It has already been shown in rabbit kidneys that mitochondrial function is impaired by cold storage but respiratory chain dysfunction severely aggravated upon warm reperfusion.[7](#cts12295-bib-0007){ref-type="ref"} Reperfusion injury after cold storage also implicates the onset of mitochondrial membrane permeability transition (MPT),[14](#cts12295-bib-0014){ref-type="ref"} initiating cell apoptosis by activation of caspase 9[15](#cts12295-bib-0015){ref-type="ref"} and marked, for example, by the release and wash out of NAD.[11](#cts12295-bib-0011){ref-type="ref"} Studies form Leducq et al. have shown a dominant association of MPT and defective oxidative phosphorylation with the abrupt shift in temperature.[9](#cts12295-bib-0009){ref-type="ref"} In line with this, renal oxygen consumption was depressed upon abrupt reperfusion in our model but nearly normal after controlled rewarming.

Moreover, controlled rewarming mitigated functional signs of mitochondrial permeability transition pore opening (Caspase 9 activation) and enabled a better preservation of total NAD.

It is conjectured, that the controlled transition from hypo‐ to subnormothermia protects cold preserved mitochondria from initial dysfunction and that the brief subnormothermic perfusion period helps to reverse mitochondrial dys‐homeostasis prior to the challenge of normothermia. Warming up to higher temperatures was not attempted, as preservation solutions would not seem an appropriate media for normothermic physiology. Moreover, rewarming injury is not seen at temperatures above approximately 16°C.[16](#cts12295-bib-0016){ref-type="ref"}

In conclusion, controlled rewarming seems to be a promising new aspect in renal preservation that could help to minimize graft dysfunction even in optimally preserved kidneys.
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